BACKGROUND AND PURPOSE: Inherited prion diseases represent over 15% of human prion cases and are a frequent cause of early onset dementia. The purpose of this study was to define the distribution of changes in cerebral volumetric and microstructural parenchymal tissues in a specific inherited human prion disease mutation combining VBM with VBA of cerebral MTR and MD.
H
uman prion diseases are rapidly progressive, uniformly fatal neurodegenerative disorders 1 that can be inherited (IPD), occur sporadically, or be caused by iatrogenic or dietary infection. The discovery of variant Creutzfeldt-Jakob disease 2 has not been followed by a major epidemic; however, the existence of subclinical infections 3 and the evidence for secondary transmission by blood transfusion 4, 5 reinforce the public health relevance of these conditions.
Most of the literature on prion disease imaging has focused on the acquired and sporadic forms rather than IPD. In prevalence studies, 15% of prion disease cases are IPD, a cause of early-onset dementia, with more than 30 different prion protein gene (PRNP) mutations identified. 6 The clinical phenotypes vary widely, with some mutations having a phenotype similar to sporadic Creutzfeldt-Jakob disease (eg, E200K), whereas others can mimic hereditary ataxias (eg, P102L) or Alzheimer disease (eg, some cases of 4-OPRI). 7 The findings on conventional MR imaging are similarly variable.
In the United Kingdom, large kindreds presenting with 6 additional repeats in the octapeptide region (6-OPRI mutation), have been followed up for more than 2 decades with detailed reports of clinical symptoms 8 and neuropsychological features 9 but without systematic analysis of imaging findings. These pa-tients characteristically present with frontoparietal dysfunction progressing for 7-15 years (mean, 11 years) that culminates in an akinetic mute state. Visuospatial, frontal executive, and nominal skills are significantly impaired in this patient group, and apraxia is an important early feature. Brain atrophy has rarely been quantified in IPD, apart from a case report of a presymptomatic P102L gene carrier demonstrating early parietal atrophy 10 and a recent demonstration of parietal and occipital cortical thinning in patients with the 6-OPRI mutation. 9 Quantitative MR imaging techniques such as MTR and MD mapping have revealed significant regional and whole-brain differences between patients with symptomatic prion disease and control participants. [11] [12] [13] [14] However, these studies used region-ofinterest or histogram analyses, possibly missing or diluting regionally specific changes. VBA of structural images (VBM) 15 or MR imaging measures such as MD or MTR overcome these limitations because they do not require a priori anatomic hypotheses. These tools have not been applied in IPD, except for patients with the E200K mutation. [16] [17] [18] We performed VBM, MTR-VBA, and MD-VBA in a cohort of patients with IPD who have the 6-OPRI mutation, some of whom were previously studied with alternative methods. 12, 13 We hypothesized that this multiparametric approach would localize brain abnormalities corresponding to known clinical symptoms and neuropsychological deficits and, further, that MTR and MD would quantify microstructural changes even in areas without significant volume loss on VBM.
MATERIALS AND METHODS

Patients
Patients attended the National Prion Clinic at the National Hospital for Neurology and Neurosurgery, London, United Kingdom, and were recruited into the UK MRC PRION-1 trial. 19 Ethical approval was granted by the Eastern Multicentre Research Ethics Committee, Cambridge, United Kingdom. Full neurologic, Mini-Mental State Examination, 20 and Clinical Dementia Rating Scale sum of boxesϭ8 21 were recorded.
Where several individual patient MR imaging datasets were available, the dataset acquired when the patient's Clinical Dementia Rating Scale was closest to the group median (Clinical Dementia Rating Scaleϭ8) was selected. This approach allowed us to have a more homogeneous cohort and minimize the Clinical Dementia Rating Scale SD across the patient group. Nine individuals with the 6-OPRI mutation were studied (6-OPRI group: mean age, 38.1 Ϯ 3.6 years; median MiniMental State Examination, 19 [range [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ; all codon 129MM). Sixteen healthy volunteers with no history of neurologic disorder were included (Controls group: mean age, 37.1 Ϯ 10.7 years; all Mini-Mental State Examination, 30); Table 1 .
MR Imaging Acquisition
MR imaging was performed at 1.5T (GE Healthcare, Milwaukee, Wisconsin) by using the standard transmit/receive head coil. Sequences included the following: where S 0 and S 1k,3k are respectively the local signal intensities of the B0 and mean of DWI (b ϭ 1000 or b ϭ 3000) acquired in 3 orthogonal directions (as only 3 gradient sensitization directions were used, this variable is actually an approximation of the mean diffusivity that could be measured with 6 or more directions).
3) MTR imaging (interleaved 2D, gradient-echo sequence, similar to the EuroMT sequence 23 
Imaging Analysis: Qualitative Analysis by Visual Inspection
The T2-weighted, FLAIR, and DWI images were reviewed independently (in an unblinded fashion) by 2 consultant neuroradiologists with experience in prion disease. Pathologic signal changes were assessed in the caudate, putamen, and thalamus and in the cortex of the frontal, parietal, temporal, and occipital lobes. When a discrepancy was identified, the images were re-reviewed 1) SPM8's "unified segmentation," combining segmentation, bias correction, and normalization to the Montreal Neurological Institute space into a single generative model (SPM "Segment"). 25 The rigid normalization transformation component was used to produce approximately aligned images for the following step.
2) Generation of a cohort specific template for gray matter and WM segments by using the DARTEL toolbox in SPM8 26 using all participants.
3) Warping and resampling of individual gray matter and WM segments, normalizing them to the cohort-specific template. Local intensities for each voxel were modulated (ie, multiplied by the ratio of voxel volume before and after normalization) to account for normalization-associated volume changes.
27
MTR-VBA Preprocessing. Rigid transformations between individual Msat images and corresponding T1 datasets were estimated and then combined with the warps computed for the T1 data to normalize individual MTR maps to the cohort VBM T1-template.
As voxel MTR values are not directly related to voxel volume, data were not modulated.
MD-VBA Preprocessing. The MD (b ϭ 3000 s/mm 2 ) dataset was rigidly aligned with the MD (b ϭ 1000 s/mm 2 ) dataset (based on the corresponding B0 acquisitions). Affine transformations between MD and corresponding T1 images were estimated with the tool in NiftyReg (http://sourceforge.net/projects/niftyreg/) 28, 29 to partially correct echo-planar imaging-associated geometric distortion (based on the MD (b ϭ 1000 s/mm 2 ) B0 acquisitions).
These transforms were then combined with the warps computed for the T1 data to normalize (with no modulation) individual MD (b ϭ 1000 s/mm 2 ) and MD (b ϭ 3000 s/mm 2 ) maps to the cohort VBM T1-template.
Statistical Analysis
An isotropic 6-mm full width at half maximum Gaussian kernel was applied to each of the 6 normalized datasets (gray matter, WM, MTR, MD (b ϭ 1000 s/mm 2 ), and MD (b ϭ 3000 s/mm 2 )). An "objective" masking strategy 30 defined the voxels for subsequent statistical analysis on gray matter and WM segments separately; the resulting masks were combined for MTR and MD data analysis. For each dataset, the analysis involved an analysis of covariance consisting of diagnostic grouping (6-OPRI or controls) with individual age and total intracranial volume (estimated as the sum of gray matter, WM, and CSF segments) as covariates (using the same covariates for all analyses allowed for a more consistent model across modalities). Group differences between covariates were assessed with the 2-sample Mann-Whitney U test (PASW Statistics 18, SPSS, Chicago Illinois). SPM-t maps (P Ͻ .05) after family-wise error multiple-comparison correction (with no cluster-extent threshold), and effectsize maps showing group differences as percentages of the control group mean were produced. We also computed the affine transformation between the DARTEL space (in which the SPM results were computed) and Montreal Neurological Institute space. Using these parameters, we also transformed the SPM maps and effect-size maps onto Montreal Neurological Institute space for visualization. Results are thus displayed in the Montreal Neurological Institute space overlaid on the average of the warped and smoothed T1 volumes. All are presented by using the neurologic convention (right hemisphere displayed on the right).
ROIs
To quantify differences in MR imaging measures, 3 ROIs were defined on the right hemisphere of the average warped and smoothed T1-volume, in the thalamus, head of the caudate, and putamen (ROI volume range, 0.59 -0.60 mL). The ROIs were then verified for individual datasets to ensure that the smoothing had not introduced CSF contamination. The ROI mean from the corresponding warped and smoothed datasets for each patient was computed and between-group differences assessed by the 2-sample Mann-Whitney U test. To account for multiple comparisons over the 3 regions (but not the 4 metrics, as these tests are being compared with each other, rather than simply being searched over), P Ͻ .01 was considered significant.
RESULTS
Between controls and patients with 6-OPRI, differences in age were not significant, in contrast to Mini-Mental State Examination and Clinical Dementia Rating Scale ( Table 1 ). The total intracranial volumes were 1.42 Ϯ 0.14 L (mean Ϯ SD) in controls and 1.41 Ϯ 0.20 L in patients with 6-OPRI and were not significantly different.
Qualitative Analysis
On initial assessment, both raters agreed that there was no pathologic signal change in 7 of the 9 patients. There were discrepancies in 2 patients where DWI signal hyperintensity in the frontal cortex was noted in 1 patient and FLAIR signal hyperintensity in the perihabenular region noted in another patient ( score, 0.835). On consensus review of these cases, it was decided that the findings were artifactual and that there was no evidence of pathologic signal change.
Quantitative Analysis
VBM. Within the supratentorial cortex, extensive bilateral symmetric gray matter volume reduction was seen in the perisylvian cortex: central opercular, insular cortex, middle and superior temporal gyri; parietal cortex: angular, supramarginal, and postcentral gyrus; and occipital cortex: lingual gyrus and cuneus. Less extensive gray matter reduction was also seen in the left superior frontal gyrus and cingulate gyrus. Within the deep gray nuclei, significant gray matter reduction was seen in the caudate and putamen bilaterally and within the posterior fossa; the cerebellar cortex bilaterally also showed significant gray matter reduction (Fig 1A) .
The areas of significant WM reductions are more sparse and to a smaller extent. Significant areas of WM volume reduction in- volved the anterior temporal lobes, the body of the corpus callosum, and hippocampus bilaterally (Fig 1B) . A complete list of the coordinates and corresponding anatomic locations of the significant cluster peaks (for clusters with size k Ͼ 2) is presented in Table 2 . The effect maps (Fig 2A, 2B ) demonstrated that the largest percentage differences were present in the insular cortex, middle and superior temporal gyri, angular and supramarginal gyri, lingual gyrus, and cuneus.
MTR. Significant MTR reductions in the 6-OPRI group were topographically similar in the supratentorial cortex to those seen on VBM, with extensive involvement of the perisylvian regions, and parietal and occipital cortices bilaterally, as described above (Fig 1C) . Within the deep gray nuclei, significant MTR reductions were seen in the posteromedial thalamus bilaterally only. In the posterior fossa, extensive involvement of the cerebellar cortex was seen.
Regarding the number of suprathreshold voxels, changes were more anatomically extensive on MTR-VBA than on VBM in the perisylvian regions, cuneus, and precuneus, where there is the impression of involvement of the subcortical WM, with significant reductions in the posteromedial thalamus, not seen on VBM. However, MTR-VBA did not detect significant MTR reductions in the caudate nucleus, putamen, or middle temporal gyri where VBM showed differences (Fig 1C) .
MD. MD (b ϭ 1000 s/mm
2 ). The largest clusters and most significant MD (b ϭ 1000 s/mm 2 ) increases were seen in the gray matter and subcortical WM of the perisylvian, parietal, and occipital lobes (Fig 1D) and in the posteromedial thalamus bilaterally. Regarding the number of suprathreshold voxels, changes were more anatomically extensive on MD-VBA than on VBM, similar to MTR-VBA. No significant differences were seen in the cerebellar hemispheres (as seen on MTR) or in the basal ganglia (as seen on VBM).
MD (b ϭ 3000 s/mm 2
). Areas of significant MD (b ϭ 3000 s/mm 2 ) increase overlapped those seen with MD (b ϭ 1000 s/mm 2 ), although the extent and significance were generally smaller (Fig 1D,E) . Reduced significance could arise from either reduced effect size (group difference) or increased variability. We investigated these influences by evaluating the non-normalized group difference, and a form of coefficient of variation given by the square root of the mean squared residuals (SPM ResMS Image) divided by the average of the 2 group means from the analysis of covariance model. Both the group difference and the coefficient of variation were larger for MD (b ϭ 1000 s/mm 2 ) (data not shown), suggesting that the higher significance of MD (b ϭ 1000 s/mm 2 ) changes is the result of a greater effect size than for MD (b ϭ 3000 s/mm 2 ) and not simply a higher signal-to-noise ratio.
ROI Analysis
Mean values for patients with 6-OPRI differed significantly from controls in all 3 ROIs for tissue-segment volumes, MTR, and MD (b ϭ 1000 s/mm 2 ), and in the thalamic ROI only for MD (b ϭ 3000 s/mm 2 ) (Table 3) .
DISCUSSION
This systematic study is the first to describe the distribution of gray matter and WM volume changes and voxelwise MTR and MD changes in patients with IPD who have the 6-OPRI mutation. We demonstrated anatomically specific mean tissue attenuation reduction in these patients that are consistent with previous qualitative reports. Using MTR and MD, we detected cortical and subcortical microstructural changes both coincident with and spatially independent of tissue volume changes. Some of these changes seem to be specific to the 6-OPRI IPD mutation.
Local Volume Reductions Assessed with VBM
Brain atrophy occurs in all forms of prion disease, 8, 31 but most reports are based on visual inspection rather than objective quantification. In an early case report, a presymptomatic P102L gene carrier demonstrated widespread supratentorial and cerebellar volume loss with relative sparing of the mesial temporal lobe structures. 11 In a recent study of patients with the 6-OPRI mutation, significant cortical thinning was seen in the precuneus, inferior parietal cortex, supramarginal gyrus, and lingula. 9 Our study confirms these findings, with gray matter volume loss in such patients predominantly involving the perisylvian cortex, precuneus, and lingual gyrus and without significant involvement of the mesial temporal lobe structures. These cortical changes relate well to clinical symptoms documented in patients with the 6-OPRI mutation. Apraxia is an important early feature and is generally associated with lesions to the dominant parietal lobe and, specifically, the supramarginal gyrus. Visuoperceptual and visuospatial impairments known to be sensitive to right parietal damage are also common in this patient group. 8 The explanation for the prominent cognitive features of memory loss and frontal executive dysfunction in this patient group 32 is more complex.
Although the effect size maps (Fig 2) demonstrated some percentage difference in the mesial temporal lobes and prefrontal cortices, these volume losses were less marked compared with those in the cortical areas described above and did not prove to be statistically significant on VBM. Some of the memory and executive deficits seen in patients with 6-OPRI mutations could be explained by subcortical pathologic changes affecting the cortical circuits involved in these cognitive functions. This finding would be supported by the subcortical gray matter volume loss seen in the caudate nuclei and putamina, as well as the MD and MTR changes in the posteromedial thalami.
Thalamic and striatal involvement is well established in all forms of human prion disease. 33 The putamen and caudate nuclei receive input from diverse cortical areas, including the prefrontal and limbic structures with nonmotor output from the striatum projecting, via the mediodorsal and ventrolateral thalamic nuclei, to the dorsolateral prefrontal cortex, lateral orbitofrontal cortex, and the anterior cingulate. 
Voxel-Based Analyses of MTR and MD
The MTR-VBA and MD-VBA did not show significant change in the basal ganglia; however, they demonstrated significant MTR reduction and significant MD increase in the posteromedial thalamus (not detected by VBM), cortical gray matter areas corresponding to those displaying VBM changes, and also in adjacent subcortical WM where no significant volume changes were detected. This finding suggests that MTR and MD data are a useful complement to T1-weighted structural data and are potentially more sensitive to subcortical WM and thalamic changes in prion diseases.
MTR-VBA
Our MTR findings are consistent with a previous study in which decreases in whole-brain and whole-gray matter segment MTR compared with controls were observed in patients with symptomatic prion disease, correlating with disease severity. 13 An association between decreased postmortem gray matter MTR and increased spongiosis was also seen in that study. One possible explanation for the differences in regional distribution of changes shown by MTR-VBA and VBM here is the potential of MTR to reflect microstructural pathologic changes (such as spongiosis), occurring before or independent of macroscopic volume loss.
MD-VBA
Our findings of increased cerebral MD in patients with the 6-OPRI mutation have been reported in patients with IPD, 11, 35 specifically in the cerebellar cortex in patients with the E200K mutation 18 and in the thalamus in variant Creutzfeldt-Jakob disease, 36,37 thought to reflect increased gliosis. 35, 36 Opposite findings of decreased MD have been reported in sporadic Creutzfeldt-Jakob disease and in patients with the E200K mutation, specifically within the basal ganglia and thalamus, 11, 14 thought to reflect spongiform change. A relationship between macroscopic atrophy and microscopic changes reflected in increased MD may be expected; in other neurodegenerative disorders, whole-brain or regional MD values usually increase in association with brain atrophy. 38, 39 This increase in diffusivity has been associated with loss of neuronal cell bodies, synapses, and dendrites, causing an expansion of the extracellular space where water diffusivity is fastest. 40 Also, in prion diseases, this increase in diffusivity could reflect areas where neuronal loss and gliosis are becoming dominant over spongiform change but is too subtle to be detected by VBM. High b-value DWI, relatively more sensitive to slowly diffusing tissue water components, 41 provided greater pathologic sensitivity for spongiform change than conventional b-value DWI in a previous study of sporadic Creutzfeldt-Jakob disease 11 and in patients with IPD who have the E200K mutation frequently mimicking the sporadic Creutzfeldt-Jakob disease phenotype.
14 However, in the former study 11 , high b-value DWI was not more sensitive than conventional b-value DWI in the detection of increased ADC values in the pulvinar nucleus in patients with variant Creutzfeldt-Jakob disease, thought to have histopathologic features of gliosis. It is likely that in the context of gliosis and neuronal loss, fast diffusion components dominate the mean diffusivity so that high b-value DWI is less sensitive, as was observed in our study. 
ROI Analysis
Although MD-VBA and MTR-VBA did not reveal significant changes in the basal ganglia, significant ROI MD increases and MTR decreases were seen in the thalamus, putamen, and caudate in the 6-OPRI subgroup relative to control participants. Voxel-based analyses may not provide a complete substitute but, rather, a complement to ROI analysis, the latter potentially avoiding smoothing across interregional or tissue boundaries. Cross-boundary smoothing in VBA complicates interpretation and can either reduce or increase statistical power, depending on whether the greatest underlying changes respect the observable tissue boundaries. Intergroup differences revealed on VBA and VBM may identify pathologically specific affected regions. These differences may then be more sensitively investigated on a subject-by-subject basis by ROI analysis, which may provide the most straightforward and interpretable way to monitor disease progression.
Study Limitations
Patients with the 6-OPRI mutation were the largest mutation subgroup to undergo MR imaging scanning in the PRION-1 trial, and our current study represents the largest group of such patients for which consistent multiparameter MR imaging measurements are available. Nevertheless, given the relatively small group size, our analysis should be considered preliminary.
Some types of IPD (E200K, V201I) have clinical and radiologic features similar to sporadic Creutzfeldt-Jakob disease, 42 but apart from patients carrying the P102L mutation, 9 the imaging features of other mutations are not well described in the literature. A comparison of 6-OPRI MR imaging findings with those from other IPD mutations would be particularly informative. Although we had access to another small set (n ϭ 8) of patients with IPD who had other mutations, the subgroups were too small (n ϭ 4, n ϭ 1, n ϭ 1, n ϭ 1, n ϭ 1) to achieve statistical power sufficient to provide robust conclusion on differences and similarities among mutations. Future trials enrolling larger patient numbers will be necessary for this type of analysis. Our data suggest that in a number of brain regions, MTR and MD appear more sensitive to pathologic changes than the tissue-volume data inferred from the T1-weighted acquisition. A future study with a larger dataset may confirm this observation by seeking significant changes after adjusting for local atrophy by using voxelwise covariates (also known as biologic parametric mapping). 43, 44 Furthermore, for our current data we underline that the specific sensitivities (and statistical power) of the individual voxel-based analyses also depend on the acquisition signal-to-noise ratios in the respective protocols (eg, determined by specific sequence parameters, including nominal voxel sizes). We used the standard acquisition parameters optimized for each method at our institution; our current study was not designed to systematically compare protocols with matched signal-to-noise ratios. Although the voxel-based analyses were performed on normalized images with a nominal isotropic resolution (1.5 mm), 3 the DWI and MTR source data were acquired with a larger section thickness (5 mm) compared with the nominal 1.5-mm partition of the 3D structural images. Partial-volume averaging from CSF at the brain surface may thus be partly responsible for the larger clusters detected proximal to the brain-CSF interfaces on MTR-VBA and MD-VBA. With this problem in mind, we took care to ensure that CSF contamination did not influence the manually drawn ROIs.
CONCLUSIONS
Our study is the first multiparameter voxel-based analysis of cerebral atrophy and microstructural changes in the 6-OPRI IPD mutation by using quantitative MR imaging. With VBM, we demonstrated regionally specific volume loss corresponding anatomically to clinical symptoms and providing an anatomic basis for the memory and executive function deficits seen clinically. We also showed that VBA of MTR and MD can detect microstructural changes in anatomic regions that do not demonstrate volume loss on VBM. This finding is likely to reflect a diverse anatomic distribution of histopathologic change driven by varying pathophysiologic processes. Combining regional measures from different but complementary MR imaging modalities can identify brain regions preferentially involved in the pathophysiology of prion disease and may provide markers of value in monitoring future therapies. Comparison of our data on patients with the 6-OPRI mutation with existing literature suggests that the distribution of structural and microstructural changes presented here is specific to this particular IPD mutation.
